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Abstract
A four-stage personal diffusion battery (pDB) was designed and constructed to measure 
submicron particle size distributions. The pDB consisted of a screen-type diffusion battery, 
solenoid valve system, and electronic controller. A data inversion spreadsheet was created to solve 
for the number median diameter (NMD), geometric standard deviation (GSD), and particle 
number concentration of unimodal aerosols using stage number concentrations from the pDB 
combined with a handheld condensation particle counter (pDB+CPC). The inversion spreadsheet 
included particle entry losses, theoretical penetrations across screens, the detection efficiency of 
the CPC, and constraints so the spreadsheet solved to values within the pDB range. Size 
distribution parameters (NMD, GSD, and number concentration) measured with the pDB+CPC 
with inversion spreadsheet were within 25% of those measured with a scanning mobility particle 
sizer (SMPS) for 5 of 12 polydisperse combustion aerosols. For three tests conducted with 
propylene torch exhaust, the pDB+CPC with inversion spreadsheet successfully identified that the 
NMD was smaller than the constraint value of 16 nm. The ratio of the nanoparticle portion of the 
aerosol compared to the reference (R nano) was calculated to determine the ability of pDB+CPC 
with inversion spreadsheet to measure the nanoparticle portion of the aerosols. The R nano ranged 
from 0.87 to 1.01 when the inversion solved and from 0.06 to 2.01 when the inversion solved to a 
constraint. The pDB combined with CPC has limited use as a personal monitor but combining the 
pDB with a different detector would allow for the pDB to be used as a personal monitor.
INTRODUCTION
Airborne nanoparticles—particles with a diameter of at least one dimension smaller than 
100 nm (ASTM Standard E2456 2006)—are present in many workplaces. Diffusion causes 
nanoparticles to have high rates of deposition in the human respiratory system, regardless of 
age or breathing pattern (Daigle et al. 2003; Kim and Jaques 2005). Toxicological studies 
have determined that, depending on their chemistry, crystalline structure, and activity, 
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nanoparticles may have increased toxicity compared to larger particles of the same 
composition (Johnston et al. 2000; Warheit et al. 2004, 2007; Karlsson et al. 2009).
Direct-reading instruments measuring particle number or surface area concentration can be 
sensitive indicators of airborne nanoparticles (Mohr et al. 2005), but portable direct-reading 
instruments that measure personal nanoparticle size distributions are unavailable. 
Nanoparticles agglomerate rapidly producing aerosols farther from a source to be composed 
of fewer, larger particles than were at the source. Depending on the worker’s proximity to 
the source and to the direct-reading instrument, the worker’s exposure may be different from 
the measured airborne nanoparticle concentration. Thus, a breathing zone measurement is 
needed. Some direct-reading instruments such as diffusion chargers and condensation 
particle counters (CPC) are small enough to be carried by a worker but do not provide 
concentrations by size for submicron particles (Baron and Willeke 2001).
A screen-type diffusion battery can be coupled with a low-cost, small, direct-reading 
instrument to obtain submicron size distribution information. In a screen-type diffusion 
battery, the aerosol is passed through a series of stages that hold screens (Sinclair and 
Hoopes 1975). Diffusion causes particles to collect on the screens and not be counted by the 
detector. The number concentration and particle size collected depend on screen 
characteristics (Cheng and Yeh 1980; Cheng et al. 1980; Yeh et al. 1982; Cheng et al. 1985). 
A mathematical data inversion algorithm is required to estimate the distribution of the 
original aerosol based on the theoretical particle penetrations of the screens, the detection 
efficiency of the detector compared to the reference instrument used, and particle losses of 
the aerosol entering the screen-type diffusion battery (Cheng and Yeh 1984). A data 
inversion technique using an iterative approach increases the accuracy of the aerosol 
distribution estimates (Twomey 1975). Such an approach was successfully implemented 
within a spreadsheet to process data from cascade impactors (O’Shaughnessy and Raabe 
2003).
Screen-type diffusion batteries have the potential to be used in a personal nanoparticle 
direct-reading instrument if certain issues can be addressed. Screen-type diffusion batteries 
have traditionally had many stages and were coupled with large switching valves (Cheng 
and Yeh, 1984; Gorbunov et al. 2009). The combined size prohibited them from being used 
to collect personal measurements. Using only the minimum number of stages and reducing 
the size of the switching valve, a screen-type diffusion battery could be developed to assess 
personal nanoparticle exposures by determining the number median diameter (NMD), the 
geometric standard deviation (GSD), and the number concentration of a submicron aerosol.
In this study, a personal diffusion battery (pDB) was designed and evaluated for the purpose 
of determining the concentration of nanoparticles in a submicron aerosol. The pDB 
consisted of a four-stage screen-type diffusion battery and a solenoid valve system that 
automatically switched from one pDB stage to the next pDB stage, changing the path of the 
airflow through different numbers of screens in the pDB. To evaluate its potential use, the 
pDB was combined with a CPC (pDB+CPC) to record number concentrations for each pDB 
stage, and an inversion spreadsheet was created to estimate the aerosol NMD, GSD, and 
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number concentration. Future work to miniaturize a submicron aerosol detector would 
enable pDB+CPC combination to be used in personal sampling.
METHODS
Personal Diffusion Battery (pDB) Design
As shown in Figure 1a, the pDB consisted of a conductive sampling tube, four-stage screen-
type diffusion battery, solenoid valve manifold system, and electronic controller. The weight 
of the pDB in the backpack, excluding the detector and electrical battery, was 3.2 kg (7 lbs). 
To allow aerosol from a worker’s breathing zone to enter the screen-type diffusion battery, a 
96-cm sampling tube was attached to the front of the screen-type diffusion battery. The 
diffusion battery was assembled from a series of 13, 25-mm conductive filter cassette pieces 
(225–329, SKC Inc., Eighty Four, PA, USA) with stages identified as Stage A through D 
(Figure 1b). Sets of stainless steel screens (Twill 635 US standard mesh, Dorstener Wire 
Tech, Spring, TX, USA) were installed at three locations in the diffusion battery (zero in 
Stage A; five in Stage B; 11 in Stage C; and 16 in Stage D). The screen fiber wire diameter 
was 0.02 mm, thickness was 0.04 mm, average weight was 0.0548 g, and density was 8000 
kg m−3. The calculated solid volume fraction of each screen was 0.349. The inside diameter 
of the cassettes was 21.1 mm. Each stage was fitted with a 5-mm plastic connector and 
tubing to that was connected to the solenoid valve manifold (SAM1614–4G2015, Gem 
Sensors & Controls, New Britain, CT, USA). An electronic controller was programmed to 
sequentially open the solenoid valves and divert airflow through the diffusion battery in a 
repeated sequence: Stage A; Stage B; Stage C; Stage D; Stage A; etc. (Figure 1b). The 
solenoid valves were attached to a common manifold that conveyed the aerosol to the 
detector.
For development of the pDB, a handheld CPC (Model 3007, TSI, Inc., Shoreview, MN, 
USA) was selected as the detector, and the coupled instrument was referred to as the pDB
+CPC. This commercially available CPC was selected because it measures particle number 
concentration from 10 nm to approximately 1 μm and had the ability to compensate for 
changes in inlet pressure to maintain a constant airflow of 0.7 L min−3 (Matson et al. 2004). 
The 0.7 L min−1 flow rate of the CPC resulted in a superficial velocity of 0.03 m s−1, within 
the laminar flow regime (Reynolds number = 46.4).
pDB Stage Penetration and Detection Efficiency
Use of the pDB+CPC required knowledge of penetration by particle size for each stage of 
the pDB and the detection efficiency of the CPC. The penetration of aerosol through Stage 
A and the 96 cm transport tube was determined experimentally as described in the online 
supplementary information (Measurement of Stage A Penetration). Detection efficiency by 
particle size d (DEd) was determined experimentally as described in the online 
supplementary information (Determined DEd Values from Monodispersed Results).
For Stage B, C, and D, theoretical penetration (Pn,d) by size was calculated as (Cheng and 
Yeh 1984):
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where d is the particle diameter, n is the number of screens, and m is:
(2)







α is the screen solid volume fraction, B is:
(7)
where h is the screen thickness and Df is the diffusion coefficient.
Development and Evaluation of an Inversion Spreadsheet for use with the pDB+CPC
A data inversion spreadsheet was developed to estimate the NMD, GSD, and number 
concentration of a lognormal, unimodal aerosol from particle number concentrations 
measured with the CPC after exiting the four stages of the pDB (NA , NB , NC , and ND). 
Following Cheng and Yeh (1984), the spreadsheet included theoretical screen penetrations 
for each stage, PA,d , and DEd . The inversion was implemented in an Excel spreadsheet 
(2007, Microsoft Corp.,Seattle, WA, USA) using the “Inversion Method” described by 
O’Shaughnessy and Raabe (2003). Constraints were input into the spreadsheet to require the 
spreadsheet to solve to values within the range of the pDB which were based on the 
theoretical stage penetrations. The initial constraints were an aerosol distribution number 
concentration greater than NA, NMD between 1 and 500 nm, and GSD between 1.1 and 3. 
The “Solver” function was used to adjust the initial NMD, GSD, and number concentration 
until the sum of square differences between the total number concentrations that passed 
through each and the input number concentrations from the pDB+CPC was minimized. 
Details of implementation are described in the online supplementary information 
(Implementation of the Inversion Spreadsheet).
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The inversion spreadsheet was theoretically evaluated to determine the lower and upper 
limits of the distribution NMD that could be determined given a minimum number of pDB 
stages. The inversion spreadsheet was used to process simulated particle size distributions 
(assumed NMD, GSD, and number concentration) using all four stages. A simulated NMD 
was considered smaller than the lower limit or larger than the upper limit if at least one of 
the four following occurred: the simulated distribution NMD was more than ±10% different 
from the original distribution NMD, the simulated distribution GSD was more than ±5% 
different from the original distribution GSD, the simulated distribution number 
concentration was more than ±5% different from the original distribution number 
concentration, and/or the simulated inversion solved to a constraint.
The inversion spreadsheet was then used to determine the minimum number of stages that 
could be used and still produce reasonable estimates of the original size distribution. The 
number of stages was unacceptable if at least one of the following occurred: the inversion 
distribution NMD was more than ±10% different from the original distribution NMD, the 
inversion distribution GSD was more than ±5% different from the original distribution GSD, 
the inversion distribution number concentration was more than ±5% different from the 
original distribution number concentration, and/or the inversion solved to a constraint.
Polydisperse Aerosols
The particle number concentration by size estimated by the pDB+CPC with inversion 
spreadsheet was compared to that measured with an SMPS for two test aerosols: exhaust 
from a propylene torch (Model MAP-Pro, Worthington Cylinders, Columbus, OH, USA) 
and a burning incense stick. Those aerosols were chosen to examine different size 
distributions. The propylene torch exhaust was composed of particles smaller than 100 nm 
and when fresh, could have a NMD smaller than the lower limit of the inversion 
spreadsheet. The incense was composed of particles both smaller and larger than 100 nm. As 
shown in Figure 2, the test aerosol was directed into a mixing chamber and diluted with 
HEPA filtered air. The test aerosol was passed into a sampling chamber where it was 
measured with the pDB+CPC and immediately after with the SMPS (SMPS+C model 5.4, 
Grimm, Ainring, Germany). A pump (Model Omni, BGI Incorporated, Walthan, MA, USA) 
was attached to the sampling chamber to keep a constant airflow through the chamber.
Two pDB solenoid valve timings were used for these tests: 60 s a stage for a total time of 
240 s to cycle through the four stages; and 20 s a stage for a total time of 80 s to cycle 
through the four stages. The CPC was set to log particle number concentrations every 
second. The first ten 1-s measurements of each stage were not included in the stage mean to 
allow the previous aerosol to clear the pDB before measuring the next aerosol passing the 
stage. Three runs of alternating pDB+CPC measurements followed by SMPS measurements 
were conducted for each aerosol and timing.
The inversion spreadsheet was used to estimate the NMD, GSD, and number concentration 
of the test aerosol, using the mean of 1-s number concentrations measured by the CPC for 
each stage of the pDB+CPC (NA , NB , NC , and ND). The inversion constraints were the 
same as above except for the NMD constraints, which were ≥16 nm and ≤287 nm. The 
estimates of NMD, GSD, and number concentration from the pDB+CPC with inversion 
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were compared to those measured by the SMPS. Results were identified as acceptable if the 
NMD, GSD, and/or number concentration estimated with the pDB+CPC with inversion 
spreadsheet differed from the SMPS measured distribution by ±25%.
The ratio (R nano) of number concentration of nanoparticles between 9.4 to 100 nm measured 
by the pDB+CPC with inversion spreadsheet (pDB+CPC nanoparticles) to number 
concentration of nanoparticles between 9.4 to 100 nm measured by the SMPS (SMPS 
nanoparticles) was calculated for each run using Equation (8).
(8)
RESULTS
The pDB+CPC Inversion Spreadsheet Limitations
The results of the original and simulated distributions identified as the lower and upper 
limits, along with the diameter below the lower limit and above the upper limit, are shown in 
Table 1. The lower and upper limits of the pDB+CPC with inversion spreadsheet were 17 
and 286 nm, respectively. The simulated inversion distribution for the 16 nm original 
distribution solved to a constraint with regard to GSD for the original GSD of 1.4. The 
simulated inversion distribution for the 287 nm GSD of 1.4 original distribution solved to a 
GSD of 1.52, which was greater than the 5% difference allowed.
The results of the required stage number evaluation are shown in Table 2. The distribution 
used to represent the lower limit of the inversion was NMD of 17 nm, GSD of 1.4, and 
number concentration of 50,000 particles cm−3. The distribution used to represent the upper 
limit of the inversion was NMD of 286, GSD of 1.4, and number concentration of 50,000 
particles cm−3. The combinations that solved for both distributions were: Stages A, B, and 
C; Stages A, B, and D; and the four stage combination.
Polydisperse Aerosols
The results of measuring exhaust from a propylene torch and burning incense are shown in 
Tables 3 and 4, Figures 3 and 4. The 240-s propylene torch distributions measured by the 
SMPS had a NMD of 15 nm (below the lower limit of the pDB+CPC with inversion 
spreadsheet) with GSD ranging from 1.42 to 1.49 (Table 3, Figure 3), while the 80-s 
distributions were slightly larger with a NMD of 17 nm and GSD ranging from 1.43 to 1.49. 
The number concentrations for the 240-s distributions were approximately 10,000 particles 
cm−3 less than the 80-s distributions. The NMD of the 240-s propylene torch distributions 
measured by the pDB+CPC with inversion spreadsheet all solved to 16 nm which was the 
alert that the NMD was below the lower limit of the pDB+CPC. Although the GSD values 
were within the acceptable criteria, the GSD ranged from 1.30 to 1.38, all less than the GSD 
values measured by the SMPS. The number concentrations measured by the pDB+CPC with 
inversion spreadsheet were also within the acceptable criteria. The pDB+CPC with inversion 
spreadsheet met the acceptable requirements for all NMDs, GSDs, and number 
concentrations when measuring the propylene torch exhaust using the 80-s timing. The R
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nano for propylene torch exhaust (Table 4) ranged from 0.90 to 1.08 for the 240-s results, 
which all solved to an NMD constraint, and ranged from 0.87 to 0.93 for the 80-s results.
The 240-s incense distributions measured by the SMPS had a NMD of 97 to 107 nm with a 
GSD ranging from 1.74 to 1.82 (Table 3, Figure 4) while the 80-s distributions were slightly 
narrower with a NMD of 97 nm and a GSD ranging from 1.57 to 1.74. The number 
concentrations of the 240-s distributions were greater than the 80-s distributions. The NMD 
of the 240-s incense distributions measured by the pDB+CPC with inversion spreadsheet 
ranged from 87 to 156 nm and 69 to 113 nm for the 80-s distributions. Two of the three 240-
s and two of the three 80-s distributions solved to the constraint GSD = 1.3. Three of the 
incense runs were greater than the ±25% criteria for NMD and two were greater than ±25% 
for GSD and one was greater than ±25% for number concentration. All of the incense runs 
that were greater than ±25% for NMD, GSD, and number concentration had solved to a 
constraint. Although the last 80-s incense run solved to a constraint, the NMD, GSD, and 
number concentration estimate were all within the ±25% acceptable criteria. The R nano for 
the incense exhaust (Table 4) was 1.01 and 0.91 for the two measurements that did not solve 
to a constraint. R nano ranged from 0.06 to 2.01 for the measurements runs where the pDB
+CPC inversion solved to a constraint.
DISCUSSION
A pDB that can be placed in a backpack to be carried by a worker was designed and 
constructed. When combined with a handheld CPC, the pDB+CPC with inversion 
spreadsheet was used to determine differences between submicron distributions. The NMD 
of polydisperse aerosols measured with the pDB+CPC with inversion spreadsheet was 
within 2 nm for the propylene torch when it did not solve to a constraint and within 50 nm 
for incense even with four of the six incense measurements solving to a constraint (Table 3). 
The spreadsheet indicated when the distribution NMD was smaller than 16 nm, which was 
the case for the propylene torch exhaust aerosol.
The pDB+CPC with inversion spreadsheet was used to determine the nanoparticle 
component of the polydisperse aerosols with a high level of accuracy compared to the 
SMPS. For results where the pDB+CPC with inversion spreadsheet did not solve to a 
constraint, the R nano value ranged from 0.87–1.01 (Table 4). Differences in the number 
concentration caused by the NMD below the limit of the pDB+CPC with inversion 
spreadsheet did not have a large effect on R nano due to the distribution falling below 100 
nm. A substantial difference was seen for the incense R nano results. The incense aerosol was 
less stable than the propylene torch exhaust (Figure 4). Consequently, the pDB+CPC with 
inversion spreadsheet solved to a constraint for most tests. Differences in NMD and GSD 
from the pDB+CPC inversion solving to a constraint caused a substantial amount of the 
number concentration to fall above or below the 100 nm cut off. But by solving to a 
constraint, the calculated nanoparticle component of the distribution was flagged for the 
operator of the pDB+CPC with inversion spreadsheet. Shortening the valve timing from 240 
to 80 s did not substantially affect the ability of the pDB+CPC with inversion spreadsheet to 
measure particle size distribution. There was only one 80-s run where the pDB+CPC 
estimated NMD was more than 25% different from the SMPS measurement while there 
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were three 240-s runs where the NMD was more than 25% different (Table 3). This study 
only looked at the two timings and future work is needed to determine the minimum timing 
for the pDB+CPC. Even with the 80-s measurement, the pDB+CPC was almost five times 
faster than the six-minute measurement time required for a full scan of the SMPS used in 
this study.
To allow the pDB to fit in a backpack, the design of the pDB was different than screen-type 
diffusion battery set-ups used in past studies. However, that did not limit the success of the 
pDB+CPC with inversion spreadsheet. The superficial velocity of the screens in the pDB 
screen-type diffusion battery was two-thirds that of the lowest superficial velocity of past 
studies, after correcting for differences in atmospheric pressure (Cheng and Yeh 1980; 
Cheng et al. 1980; Yeh et al. 1982; Cheng et al. 1985). The theoretical penetrations of the 
screen-type diffusion battery were successfully put into the inversion even though the 
superficial velocity was lower than those in past studies. The entire airflow in the pDB was 
directed through the screen-type diffusion battery and through a 90° turn before going into 
the solenoid valve manifold. In past studies, the majority of the airflow went straight 
through the screen-type diffusion battery with only a fraction of the airflow turned 90° to go 
into the detector (Cheng and Yeh 1980; Cheng et al. 1980; Yeh et al. 1982; Cheng et al. 
1985). The differences in airflow through the pDB versus past studies appears to have been 
successfully addressed by using PA,d in the inversion.
The inversion created for the pDB+CPC had two important differences from the program 
used by Cheng and Yeh (1984) for their screen-type diffusion battery. The first difference 
was that the inversion for the pDB+CPC was created in a commonly used software program 
and could be recreated without knowledge of computer programming. The second difference 
is that the pDB+CPC inversion used the theoretical screen penetrations for the entire size 
distribution and constrained the inversion by including a lower and upper NMD limit. Cheng 
and Yeh (1984) used a size selection device before their screen-type diffusion battery to 
create a maximum penetration particle diameter. With the maximum penetration particle 
diameter, their inversion program included only penetration values equal to 1 for particle 
diameters larger than the maximum penetration particle diameter. Programming the 
penetration values to equal 1 while not identifying an upper limit for their inversion, did not 
allow any way for the operator of the pDB+CPC with inversion spreadsheet to be alerted if 
the distribution NMD was larger than the upper limit of the inversion but below the particle 
diameter of maximum penetration. No lower limit of the inversion was determined. The 
pDB+CPC inversion had penetration values for particle diameters up to 1000 nm and a 
lower and upper NMD limit. As shown by the propylene torch results (Table 3) if the NMD 
falls below the lower limit of the pDB+CPC with inversion spreadsheet the operator of the 
pDB+CPC with inversion spreadsheet is alerted. If a NMD distribution included particles 
larger than the upper limit of the inversion spreadsheet but smaller than the upper limit of 
the CPC (1000 nm), the pDB+CPC with inversion spreadsheet should solve to the NMD 
upper constraint of 286 nm. However, this was not verified in this study.
There are situations under which the pDB+CPC was not theoretically or laboratory tested. 
The pDB+CPC was designed for unimodal aerosols and was not tested with multi-modal 
aerosols. Most likely the inversion would solve to a constraint but that is unknown. Also, the 
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pDB+CPC was not challenged with significantly larger particles often found in work 
environments, such as respirable particles. Particles larger than 1000 nm should not be 
measured by the pDB+CPC but it is unknown if they would interrupt the function of the 
pDB if the larger particles built up on the screen surfaces. Using only three stages of the 
pDB could reduce the size of the pDB even more. Future work is needed to verify that using 
the two sets of three stages identified (Table 2) will accurately measure polydisperse 
aerosols.
The pDB was designed to be carried in a backpack by a worker thus causing minimal 
interference with the worker’s tasks. However, tilting the TSI CPC 3007 can cause the 
optics to flood with condensation fluid (TSI Incorporated 2004) which restricts the use of 
the pDB+CPC for use as an area monitor or to measure personal exposures by placing a 
sampling tube in a worker’s breathing zone. A miniaturized electrical classifier (Li et al. 
2009) was recently developed in efforts to enable personal measurement of nanoparticle size 
distributions but also relies on a CPC 3007 for particle detection. Future work is needed to 
identify a robust detector that can be used in a backpack with the pDB and other 
miniaturized particle size classifiers.
CONCLUSIONS
A four-stage pDB was designed to be coupled with a direct-reading instrument to measure 
the size distributions of submicron aerosols. A data inversion spreadsheet was developed to 
convert the CPC number concentration of each pDB stage to a size distribution estimate to 
provide additional information on unimodal submicron aerosols containing nanoparticles. In 
a theoretical evaluation, the pDB+CPC inversion was found capable of determining the 
particle size distribution of an aerosol with a NMD between 17 to 286 nm with all four pDB 
stages.
Experiments were conducted and the NMD measured with the pDB+CPC with inversion 
spreadsheet was within 2 nm of that measured with a SMPS for propylene torch exhaust and 
within 50 nm for incense. The R nano of number concentration between 9.4 to 100 nm 
measured by the pDB+CPC with inversion spreadsheet to that measured by the SMPS was 
from 0.87 to 1.01 when the inversion did not solve to a constraint and from 0.06 to 2.01 
when the inversion did solve to a constraint. Future work is needed to challenge the pDB 
with larger aerosols, find a detector that can be placed in a backpack, and experimentally 
verify the upper limit of the inversion.
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(a) Personal diffusion battery (pDB) that can be placed in a backpack. (b) Airflow through 
each stage of pDB.
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Experimental set up to test the pDB+CPC with inversion spreadsheet using combustion 
aerosols.
Vosburgh et al. Page 12














Comparison of the three propylene torch runs measured by the SMPS and the pDB+CPC 
with inversion spreadsheet for the (a) 240-s measurements and (b) 80-s measurements.
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Comparison of the three incense runs measured by the SMPS and the pDB+CPC with 
inversion spreadsheet for the (a) 240-s measurements and (b) 80-s measurements.
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TABLE 4
Nanoparticle number concentrations measured with the pDB+CPC with inversion spreadsheet and the SMPS
Aerosol Timing (s) pDB+CPC nanoparticle (particle cm−3) SMPS nanoparticle (particle cm−3) R nano
Propylene torch 240 32,286 31,378 1.03a
Propylene torch 240 26,417 29,302 0.90a
Propylene torch 240 22,950 21,187 1.08a
Incense 240 2,720 46,348 0.06a,b
Incense 240 63,873 63,487 1.01
Incense 240 15,471 70,144 0.22a,b
Propylene torch 80 37,766 43,633 0.87
Propylene torch 80 37,623 42,725 0.88
Propylene torch 80 35,229 37,955 0.93
Incense 80 42,463 21,115 2.01a,b
Incense 80 42,400 46,499 0.91
Incense 80 20,213 38,574 0.52a
a
Represents inversion results that solved to a constraint.
b
Represents inversion results when one of the following occurred: the pDB+CPC with inversion spreadsheet distribution NMD was ±25% different 
from the SMPS measured distribution NMD, the pDB+CPC with inversion spreadsheet distribution GSD was ±25% different from the SMPS 
measured distribution GSD, the pDB+CPC with inversion spreadsheet distribution number concentration was ±25% different from the SMPS 
measured distribution number concentration.
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